Cholesterol is organized in distinctive liquid-ordered micro-domains within biological membranes called lipid rafts. These micro-domains direct multiple physiological functions in mammalian cells by modulating signaling processes. Recent findings suggest a role for lipid rafts in cellular processes in human keratinocytes such as early differentiation and apoptosis. However, research of lipid rafts is hindered by technological limitations in visualizing dynamic cholesterol organization in plasma membranes. This study addresses a real-time, non-invasive method for the long-term observation of cholesterol reorganization in plasma membranes. In addition, this study also addresses the dynamic process of cholesterol depletion and repletion in primary human keratinocytes. Cholesterol reorganization was measured by observed changes in cellular impedance. Disruption of lipid rafts with low concentrations of methyl-b-cyclodextrin (MbCD) resulted in an increase in the proliferative capacity of keratinocytes, which was assessed using real-time proliferation curves and adenosine triphosphate (ATP)-based proliferation assays. Quantitative PCR showed a concomitant decrease in messenger RNA (mRNA) expression of the early differentiation markers keratins 1 and 10. Conversely, specific cholesterol reintegration led to a 4.5-fold increase in keratin 2 mRNA expression, a marker for late keratinocyte differentiation, whereas depletion resulted in a significant downregulation. These findings imply a strictly controlled mechanism for the regulation of membrane cholesterol composition in both early and terminal keratinocyte differentiation. The impedance-based method that this study addresses further enhances our understanding of how physiological processes in keratinocytes are controlled by membrane cholesterol.
INTRODUCTION
To maintain its biological function, the epidermis undergoes a continuous process of self-renewal. During this process the keratinocytes migrate from the basal cell layer of the epidermis to the outer epidermal layers, eventually developing into a cornified envelope that forms the skin barrier. Keratinocyte differentiation is a tightly regulated system with complex physiological changes accompanying the maturation process. The most well-studied mechanism is the rearrangement of keratin filaments in the cytoskeleton. During this rearrangement process, two major constituents of the basal filamentous system, keratins 5 and 14, are repressed during keratinocyte migration from the basal cell layer to the suprabasal layers in which keratins 1 and 10 are induced (Fuchs, 1990) . Late-stage differentiation is characterized by increased expression of keratin 2, which is believed to have a role in keratinocyte cornification (Collin et al., 1992) . Although control of early keratin rearrangement by factors such as varied calcium levels and vitamin D exposure has been well studied (Bikle, 2004) , regulation of keratin 2 expression during late differentiation remains poorly understood.
Cholesterol has been highlighted as a modulator of proliferation and differentiation in epidermal keratinocytes. In biological membranes, cholesterol is organized into distinct liquid-ordered micro-domains known as lipid rafts (Simons and Ikonen, 1997) . Specific enzymes are regulated through association with these raft structures. Dynamic lipid raft rearrangements alter the spatial organization of interacting enzymes, thereby mediating various signaling processes (Simons and Toomre, 2000) . Lipid rafts have been identified in human keratinocytes (Gniadecki et al., 2002) and may have a role in epidermal cell proliferation by modulating the transition of epidermal stem cells to transit amplifying keratinocytes (Gniadecki and Bang, 2003) . Methyl-b-cyclodextrin (MbCD)-mediated cholesterol depletion of confluent keratinocytes leads to altered expression patterns of the suprabasal differentiation markers such as keratins 1 and 10 and involucrin (Jans et al., 2004) . In late-stage epidermal differentiation, cholesterol has also been reported as essential for cornified envelope formation (Schmidt et al., 1991) . However, the regulatory functions of cholesterol in this process have not yet been elucidated.
A major challenge in analyzing cholesterol-dependent physiological processes is the technological limitations in visualizing dynamic cholesterol organization in plasma membranes. To date, cholesterol reorganization is usually determined at single time points using fluorescent probes such as filipin (Klein et al., 1995) or labeled cholera toxin (Fra et al., 1994) . Although these methods allow specific staining of cholesterol and lipid rafts, respectively, short lifespans and insufficient resolution make them unsuitable for real-time monitoring of dynamic changes in membrane cholesterol organization.
This study focuses on the establishment of a previously unreported impedance-based detection method (real-time cell analyzing (RTCA); xCELLigence, Roche Diagnostics, Mannheim, Germany) that measures alterations in cellular impedance. The RTCA system uses microelectrodes on the surface of a 96-well culture plate (E-plate) to continuously measure the contact area and electrical properties of adherent cells and provides a normalized impedance signal (cell index (CI)) (see Material and Methods) . Using RTCA, this study addresses a previously unreported technique for non-invasive real-time monitoring of membrane cholesterol dynamics in primary human keratinocytes.
RESULTS
Impedance measurements show normal cell behavior of primary keratinocytes when cultivated in a RTCA system
To determine alterations in membrane cholesterol, we measure changes in cellular impedance using the RTCA system. This system uses microelectrodes on the surface of a 96-well culture plate (E-plate) to continuously measure the contact area and electrical properties of adherent cells and provides a normalized impedance signal (CI) (see Materials and Methods). To date, cultivation of primary keratinocytes using this system has not been reported. Therefore, our initial aim was to monitor keratinocyte proliferation through cellular impedance. For this purpose various cell densities were seeded in E-plates and cultivated for 75 hours with impedance measurements recorded twice per hour. The proliferation curves showed a cell number-dependant increase in CI during cell adhesion (Figure 1, (0) (1) (2) (3) (4) (5) (6) (7) . Cells seeded at lower densities showed a prolonged proliferation phase before entering growth arrest when compared with higher cell densities. The lowest seeded density of 5,000 cells per well showed exponential growth for the duration of the experiment (Figure 1 ). In contrast, at very high seeding densities (40,000 cells per well) decreases in CI indicated cell detachment after 70 hours of cultivation (Figure 1 ). Keratinocytes are known to exit the cell cycle upon reaching confluence due to upregulation of cell cycle inhibitors (Kolly et al., 2005) . Our observations correspond with these data, validating impedance-based RTCA as a viable tool for monitoring cell growth of primary keratinocytes.
Measurement of cellular impedance allows real-time monitoring of cholesterol extraction and repletion in keratinocytes
Having validated RTCA monitoring in primary keratinocytes, we sought to determine whether impedance changes could be used to detect alterations in membrane cholesterol reorganization. Keratinocytes were grown to confluence and treated with MbCD (0.125% w v -1 ), cholesterol (20 mg ml -1 ), or a combination of both. MbCD has been widely used to extract membrane cholesterol from various cell types, including keratinocytes (Gniadecki et al., 2002; Jans et al., 2004) . We expected a decrease in cellular impedance after MbCD treatment due to altered membrane composition and morphological shrinking as previously reported in cholesterol-depleted keratinocytes (Bang et al., 2005) . The resultant RTCA data showed a dynamic decrease in CI for 30 minutes after MbCD treatment, followed by a regeneration period of 4 hours. A subsequent decrease in CI to a homeostatic level below untreated control cells 16 hours after MbCD treatment was observed (Figure 2a ). In contrast, cholesterol treatment alone resulted in an immediate increase in CI reaching a homeostatic level after only 6 hours ( Figure  2a ). Combined treatment led to a smaller decrease in CI as well as faster and greater regeneration when compared with MbCD treatment alone (Figure 2a) .
Extracted membrane cholesterol can be reintegrated into the plasma membrane when extracellular cholesterol is provided (Bang et al., 2005) . Therefore, our findings suggest that alterations in cellular impedance can be correlated with dynamic changes in membrane cholesterol, in which extraction and repletion is represented by decreasing and increasing CI values, respectively. To analyze the validity of www.jidonline.org 1269 this method, we inhibited cellular cholesterol synthesis before MbCD treatment using lovastatin to impair regeneration of membrane cholesterol after extraction. Lovastatin-treated cells showed a significantly reduced regenerative capacity after cholesterol extraction when compared with untreated keratinocytes (Figure 2b ). This observation supports the (b) For inhibition of cholesterol synthesis, cells were lovastatin treated for 16 hours before MbCD treatment. Impedance levels (cell index) were normalized shortly before substance application (normalization time is indicated as dashed line). Error bars, mean±SD. *Po0.05, **Po0.01, ***Po0.001 (t-test). For fluorescence recovery after photobleaching analysis, cells were grown to confluence in 35 mm dishes and subsequently treated with MbCD for 1 hour or left untreated. (g) Cells were then labeled using BODIPY FL C 5 -ganglioside G M1 and subjected to fluorescence microscopy. A distinct G M1 -rich domain (indicated as white square) was bleached using 100% laser power. Fluorescence recovery was measured by recording fluorescence intensities with 20% laser power every 20 seconds over a time span of 260 seconds after bleaching. Fluorescence intensities of an unbleached cell (white label in g) were also recorded to measure background bleaching. Normalized recovery curves were generated by applying an exponential fit with R 2 ¼ 0.996 and 0.989 for MbCD-treated (n ¼ 9) and control cells (n ¼ 4), respectively (e). Error bars, mean±SD. Final recovery and decay constants (t d , indicated as dashed line in e) were extrapolated/interpolated from the fit curves and are shown in f (see also Materials and Methods). Error bars, mean±SE. Measuring bars ¼ 10 mm.
suggestion that the temporary CI increase that starts approximately 30 minutes after MbCD treatment represents a reintegration of cellular cholesterol into the plasma membrane. For further characterization of the correlation between membrane cholesterol and cellular impedance, filipin and cholesterol oxidase were used for specific cholesterol targeting. In accordance with observations after MbCD treatment, both agents showed a significant time-and dosedependent decrease in cellular impedance (Figure 2c and d) . However, the dynamics of impedance alterations differed markedly between MbCD, filipin, and cholesterol oxidase. High filipin concentrations resulted in an immediate and strong reduction in CI, whereas lower concentrations showed a slight increase in impedance followed by a strong decrease at 2-3 hours after treatment (Figure 2c ). Cells treated with cholesterol oxidase showed an immediate but slower decrease in impedance when compared with MbCD treatment, leading to stable CI values below control cells at 5-6 hours after treatment (Figure 2d ). In contrast to MbCD-treated cells, no partial regeneration of cellular impedance was observed after filipin or cholesterol oxidase treatment.
To offer a possible mechanistic explanation for the correlation between membrane cholesterol organization and cellular impedance, analyses of altered membrane fluidity through cholesterol depletion offered an interesting approach. It was recently reported that MbCD treatment leads to impaired lateral mobility of monosialotetrahexosyl (GM1) gangliosides in lipid rafts of human adult low calcium temperature (HaCaT) keratinocytes (Lambert et al., 2006) . To elucidate whether this is also true for primary keratinocytes, fluorescence recovery after photobleaching experiments were conducted using boron-dipyrromethene (BODIPY)-labeled GM1 ganglioside (Figure 2g ), which is reported to colocalize with FITC-labeled cholera toxin, a widely used lipid raft marker (Lincoln et al., 2006) . A decrease in lateral mobility of GM1 gangliosides was observed in MbCD-treated cells assessed by fluorescence recovery curves ( Figure 2e ). An exponential fit was applied to calculate total recovery rates and the decay constant (t d ) marking the time point for 66% of total fluorescence recovery (see Materials and Methods). The total recovery rate was reduced in MbCD-treated cells ( Figure  2e and f). Accordingly, a marked increase in the decay constant was observed after MbCD treatment (Figure 2f ), indicating a decrease in GM1-ganglioside mobility. These results suggest a correlation between cellular impedance and cholesterol-dependant lateral mobility in lipid rafts.
To quantify cellular cholesterol content after MbCD/ cholesterol treatments, we performed cholesterol-specific filipin staining and thin-layer chromatography (TLC). Compared with control cells, treatment with MbCD strongly reduced filipin labeling of the plasma membrane (Figure 3b ), whereas cholesterol-supplemented MbCD showed increased staining, particularly at cell-cell contact areas ( Figure 3c) . Similarly, TLC analysis at 2 hours after MbCD and cholesterol-supplemented MbCD treatments showed changes in cholesterol content between 50 and 200%, respectively, when compared with untreated cells (Figure 4 ). No major differences could be detected in cholesterol levels at 2 and 24 hours after respective treatments (Figure 4 ). This observation 
Proliferative capacity of primary keratinocytes is increased upon treatment with low MbCD concentrations
Having established RTCA measurement as a sensitive method for monitoring cholesterol organization in plasma membranes, we analyzed the physiological effects of reorganization of membrane cholesterol. It has been recently suggested that lipid rafts have a role in keratinocyte proliferation by mediating the transition from epidermal stem cells to transitamplifying keratinocytes (Gniadecki and Bang, 2003) . Moreover, it has also been shown that cholesterol depletion induces ligand-independent activation of the EGFR, leading to increased proliferative activity in HaCaT cell lines but not primary keratinocytes (Lambert et al., 2006) . However, lipid raft disruption using high MbCD concentrations (0.5-2%) also induces apoptotic cell death in HaCaT keratinocytes (Bang et al., 2005) . To elucidate whether proliferation of primary keratinocytes can be modulated by membrane cholesterol, we treated cells with low MbCD concentrations (0.05%) and monitored cell growth for 72 hours. To compare MbCD treatment with EGFR-mediated effects, cells were additionally stimulated with 20 ng ml -1 EGF. Impedance measurements showed a decrease in CI after addition of MbCD, indicating cholesterol extraction even at low MbCD levels (Figure 5a ). Real-time proliferation curves showed a maximum increase (13.3%) in cell number of EGF-stimulated cells at 24 hours after treatment when compared with control cells (Figure 5b (1) ). In contrast, MbCD-treated cells showed no increase in proliferation at that time point. However, a prolonged proliferation phase of MbCD-treated cells was observed when compared with control and EGF-stimulated cells, leading to a highly significant increase (13.2%) in cell number at 65 hours after treatment (Figure 5b (2) ). To confirm this observation, we performed adenosine triphosphate (ATP)-based proliferation studies. ATP levels of MbCDtreated cells significantly increased (11.9%) at 65 hours after treatment when compared with control cells (Figure 5c ), suggesting increased proliferative capacity.
Cholesterol depletion has been suggested to alter the gene expression of early differentiation marker, keratin 10, and )) or EGF 20 ng ml -1 in early proliferation phase. Impedance levels (cell index) were normalized shortly before substance application (normalization time is indicated as dashed lines (1) and (2), and indicate maximum increase in proliferation for EGF and MbCD treatment, respectively). (c) Adenosine triphosphate (ATP) levels of keratinocyte cultures were determined 48 hours after MbCD treatment using an identical experimental setup as in b. Relative ATP levels are shown (control ¼ 100%). (d) Messenger (m)RNA levels of keratins 1 and 10 and involucrin were determined using quantitative real-time PCR. Keratinocytes were cultivated in six-well plates with an equivalent cell density to b, and mRNA was extracted 48 hours after MbCD treatment. Following complementary DNA (cDNA) generation and PCR amplification, mRNA expression levels were normalized to ribosomal 18 s RNA, and quantification was achieved using the comparative DCT method. Relative mRNA levels are shown normalized to untreated control cells (indicated as solid line). Genes with relative expression levels of o0.5 were considered repressed (indicated as dashed line). Error bars, mean ± SD, (b) n ¼ 10, (c) n ¼ 30, and (d) four independent experiments. *Po0.05, **Po0.01, ***Po0.007 (t-test).
involucrin (Jans et al., 2004) , which is a marker for spinous and granular epidermal layers (Fuchs, 1990) . Therefore, we analyzed mRNA expression levels after low-concentration MbCD treatment. Results show strong repression of keratins 1 and 10 even at low MbCD concentrations, whereas involucrin gene expression is not affected (Figure 5d ). This data suggest an EGFR-independent delay in early differentiation in MbCD-treated cells, resulting in an increased proliferative capacity. To further analyze the role of membrane cholesterol in keratinocyte differentiation, we sought to monitor differentiation-specific morphological changes using RTCA.
Cellular impedance measurements allow real-time monitoring of calcium-induced differentiation processes
During the process of terminal differentiation, keratinocytes undergo major calcium-dependent morphological changes (Fuchs, 1990) . To determine whether differentiation-related effects in cell morphology can be visualized using impedance measurements, we calcium-shifted confluent keratinocytes and monitored cell behavior using RTCA. A calcium shift from 0.1 to 1 mM CaCl 2 caused an immediate increase in impedance, resulting in stable CI values above control cells at 2 hours after treatment (Figure 6a ). Tight junction formation is reportedly responsible for increased trans-epithelial resistance in keratinocyte cultures in response to elevated calcium culture conditions (Meyle et al., 1999) . Increased calcium levels are also known to stimulate cell-cell and cell-matrix contact by activating various cell adhesion molecules (Fuchs and Raghavan, 2002; Jamora and Fuchs, 2002) , likely causing increased impedance. Formation of adherent junctions begins at 5 minutes after elevating calcium levels, whereas desmosome formation occurs within 2 hours (Hennings et al., 1980; Hennings and Holbrook, 1983) . Our observations of increased impedance under high-calcium culture conditions correlate with these known time frames. With the exception of a short-term increase in impedance, we observed a continuous increase in CI starting 24 hours after elevating calcium levels (Figure 6a ). To elucidate whether changes in cellular impedance correlate to known differentiation effects, we performed immunofluorescent staining of basal keratin 14 (KRT14) and suprabasal keratin 1 (KRT1). Results show changes in cell morphology and a concomitant induction of keratin 1 at 24 hours after elevating calcium levels. Keratin 14 expression was reduced (Figure 6b ), indicating initiation of early differentiation steps.
Membrane cholesterol organization directs late keratinocyte differentiation by regulation of keratin 2 expression
Having established RTCA measurement as a viable tool for monitoring the keratinocyte differentiation process, we analyzed the regulation of late keratinocyte differentiation by membrane cholesterol. Membrane cholesterol was reorganized during early proliferation phase with MbCD alone and cholesterol-supplemented MbCD. In contrast to low MbCD concentrations (0.05%, Figure 5b ), treatment with 0.125% MbCD reduced keratinocyte proliferation, as measured using RTCA proliferation curves (Figure 7a ) and ATP-based proliferation assays (Figure 7c ). When supplemented with cholesterol (20 mg ml -1 ) MbCD-treated cells showed normal cell growth during proliferation phase. However, shortly after reaching confluence a strong increase in CI levels (Figure 7a ), which is similar to those observed in calcium-shifted cells (Figure 6b) , was detected. The increase in cellular impedance correlates with reduced ATP levels (Figure 7c ), suggesting that elevated CI levels are due to morphological changes rather than an increase in cell numbers. It was vital to exclude the possibility that the observed morphological effects are the result of increased . Calcium-induced morphological changes in keratinocytes can be monitored by impedance measurements. (a) Keratinocytes were grown to confluency in 96-well E-Plates. Calcium levels were elevated from 0.1 to 1 mM, and impedance was measured for 48 hours. Impedance levels (cell index) were normalized shortly before calcium application (normalization time is indicated as dashed line) and are shown as mean values of six wells. Characteristic increases in impedance values are indicated with arrowheads:
(1) short-term increase and (2) increase due to differentiation-specific changes in cell morphology. (b) Cells were cultivated in six-well plates for 30 hours in low-calcium conditions (0.1 mM), at which point calcium levels were elevated to 1 mM (2) or unchanged (1), and cells were fixed with paraformaldehyde and permeabilized using Triton X-100. Cells were then immunolabeled for keratins 1 and 14, respectively, and stained with DAPI (4,6-diamidino-2-phenylindole). Fluorescent pictures were obtained with identical exposure times (bar ¼ 50 mm).
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global cholesterol levels and do not require dynamic membrane cholesterol changes. This was tested by supplementing keratinocyte cultures with different cholesterol concentrations and performing RTCA measurements. Cholesterol supplementation retarded cell growth in a concentration-dependant manner (Figure 7b ). However, even at low cholesterol concentrations when cell growth was unimpaired, no further increase in CI values similar to MbCD-cholesterol treatment was observed after reaching confluence (Figure 7b) . To analyze the effect of membrane reorganization on gene expression of differentiation markers, we performed real-time PCR analysis of KRT1, KRT10, involucrin, and KRT2. MbCD treatment (0.125%) induced significant repression of KRT1 and KRT10 (Figure 7d ), similar to results of keratinocytes treated with low MbCD concentrations (Figure 6a and d) . Late differentiation marker KRT2 was significantly downregulated after MbCD treatment, whereas involucrin expression was unaffected. Treatment with cholesterolsupplemented MbCD led to a 4.5-fold increase in KRT2 mRNA levels, with KRT1 and KRT10 only slightly induced and involucrin unaffected (Figure 7d ). Interestingly, cholesterol treatment alone only led to a 2-fold increase in KRT2 mRNA, suggesting that a specific rearrangement of membrane cholesterol rather than an increase in global cholesterol levels is required to regulate KRT2 expression. This observation implies a possible role for cholesterol-enriched microdomains (lipid rafts) in the regulation of KRT2 expression. To analyze this theory, lipid raft structures were labeled with BODIPY-GM1-ganglioside. Staining of untreated keratinocytes showed a uniform distribution of lipid raft clusters throughout the plasma membrane and increased staining at cell-cell contact areas (Figure 8a ). After MbCD treatment, a concentration-dependant reduction in lipid raft clusters and a redistribution of staining patterns to the cell periphery was observed (Figure 8c and d) . In contrast, cells treated with cholesterol-supplemented MbCD showed increased staining when compared with control cells (Figure 8b ). These results indicate that lipid rafts are disrupted by MbCD treatment, whereas cholesterol-supplemented MbCD treatment not only increases cholesterol levels as shown by TLC and filipin staining, but also enhances lipid raft formation. Keratinocytes were cultivated in E-Plates for 7 hours before substance treatment and impedance was measured every 30 minutes throughout the experiment. Impedance levels (cell index) were normalized shortly before substance application (normalization time is indicated as dashed line) and are shown as mean values of six wells. (c) Adenosine triphosphate (ATP) levels of keratinocyte cultures were determined 60 hours after substance treatment using an experimental setup identical to that in a. Relative ATP levels are shown (control ¼ 100%). (d) Keratinocytes were cultivated in six-well plates with a cell density equivalent to that in a and messenger (m)RNA was extracted 48 hours after substance treatment. After complementary (c)DNA generation and PCR amplification, mRNA expression levels were normalized to ribosomal 18s RNA, and quantification was achieved using the comparative DCT method. Relative mRNA levels are shown normalized to untreated control cells (indicated as solid line). Genes with relative expression levels of o0.5 were considered repressed, and 42 were considered to be induced (indicated as dashed lines). Error bars, mean ± SD, (c) n ¼ 6, and (d) 4-6 independent experiments. *Po0.05, **Po0.01 (t-test).
DISCUSSION
This study addresses a previously unreported impedancebased method of real-time monitoring of membrane cholesterol levels in primary human keratinocytes as well as a noninvasive tool to observe keratinocyte proliferation and differentiation. We acknowledge that impedance measurements alone provide only a summary parameter of various physiological conditions, such as cell adhesion, cell-cell contact, cell morphology, and membrane composition. Therefore, a major aim of this study was to perform validation studies to correlate characteristic changes in cellular impedance with specific physiological effects focusing on membrane cholesterol dynamics. Cholesterol depletion through MbCD treatment has been reported in immortalized HaCaT keratinocytes (Bang et al., 2005) and primary keratinocytes derived from adult donors (Jans et al., 2004) . As membrane fluidity varies considerably between adult keratinocyte donors (Dunham et al., 1996) , pooled neonatal foreskin keratinocytes were used to ensure a uniform sample population. We observed a strong reduction in cellular cholesterol after MbCD treatment. Interestingly, our results showed a greater reduction (50%) in cellular cholesterol in neonatal foreskin keratinocytes using low MbCD concentrations (0.125%) when compared with MbCD-treated (1%) adult keratinocytes (20% reduction), as previously reported (Jans et al., 2004) . This effect may be due to age-and donorrelated differences in cholesterol metabolism and transport, underlining the importance of uniform donor material in obtaining comparable data. To monitor the dynamics of membrane cholesterol, we performed RTCA using MbCD, filipin, and cholesterol oxidase as cholesterol targeting agents. It is noteworthy that the mechanisms leading to cholesterol depletion are fundamentally different between these three agents. MbCD extracts membrane cholesterol by forming non-covalent water-soluble inclusion complexes. This is a highly reversible process with MbCD-cholesterol complexes serving as efficient donors to reintegrate cholesterol into plasma membranes (Klein et al., 1995) . Reversibility of the MbCD-mediated rearrangement of membrane cholesterol is reflected in RTCA measurements in this study offering, for the first time, a tool to monitor this dynamic process in real time. Correlation specificity between membrane cholesterol and impedance values was further confirmed by modulating extracellular cholesterol availability as well as de novo cholesterol synthesis using lovastatin before MbCD treatment. Results suggested that membrane cholesterol organization after MbCD treatment is a highly dynamic process. MbCD-induced cholesterol extraction showed that keratinocytes were capable of partial restoration of membrane cholesterol. The culture media used provided no additional cholesterol source, suggesting that membrane cholesterol regeneration after MbCD treatment is supplied by free intracellular cholesterol. The kinetics of MbCDmediated cholesterol efflux provide information about the cholesterol pools in cells (Yancey et al., 1996) . RTCA measurements thus provide a simple non-invasive tool to monitor cholesterol efflux online and facilitate studies of cholesterol metabolism and transport. In contrast to MbCD, cholesterol oxidase associates peripherally with the membrane surface and is believed to form a complex with the lipid bilayer, allowing cholesterol to move directly from the membrane into the active site of the enzyme (Ahn and Sampson, 2004) . Cholesterol is then irreversibly converted to 4-cholesten-3-one. Accordingly, RTCA measurements showed a decrease in impedance values due to membrane cholesterol depletion but no regeneration period as observed after MbCD treatment. Representing yet another mode of action for cholesterol targeting, filipin binds to a free 3 0 OH group of cholesterol-forming large aggregates (Castanho and Prieto, 1992 ) that cause structural disorder within the membrane. Eventually, this disintegration leads to leakage of cellular components and subsequent cell death (Gimpl and Gehrig-Burger, 2007) . Correspondingly, RTCA measurements showed a strong decrease in impedance values after high-concentration filipin treatment most likely representing disintegration of cholesterol-rich membrane domains. In contrast, when low concentrations were used, filipin binding first led to an increase in impedance for 2-3 hours, followed by a sharp decrease in CI. These observations suggest that RTCA measurements can specifically pinpoint the transition from filipin binding to subsequent membrane disintegration.
Results of this study show that impedance-based real-time analysis allows the continuous and non-invasive study of differential effects of membrane cholesterol targeting and reorganization. Furthermore, our data indicate that the www.jidonline.org 1275 correlation between impedance and membrane cholesterol is linked to alterations in the fluidity of raft domains. Therefore, RTCA should substantially improve research in cholesterol metabolism, trafficking, and membrane organization. In future studies, it would be interesting to apply RTCA to other cell types and analyze different mechanisms of membrane structure remodeling.
After characterizing altered membrane cholesterol dynamics, we analyzed the effect of membrane cholesterol reorganization on proliferation and differentiation. Proliferative activity of keratinocytes was recently linked to lipid raft formation, marking the transition from epidermal stem cells to transient-amplifying cells (TACs) (Gniadecki and Bang, 2003) . TACs are the partially differentiated progeny of stem cells and comprise the majority of mitotic activity in the epidermis (Jones et al., 1995) . This study addressed for the first time that proliferative capacity of primary keratinocytes is increased by rearrangement of membrane cholesterol. In contrast to established end point-based proliferation assays, RTCA measurements yield a fuller picture of alterations in cell growth by identifying specific time points and the dynamics of changes in proliferation profiles. Interestingly, real-time proliferation curves suggested a mechanism independent of MbCD-mediated EGFR activation, as previously reported for HaCaT keratinocytes (Lambert et al., 2006) . The increased proliferative capacity of MbCD-treated primary keratinocytes instead suggested attenuated early differentiation.
The differentiation status of cultured keratinocytes is highly heterogeneous with distinct populations of stem cells, TACs, and terminally differentiating cells (Jensen et al., 1999) . Keratin 10 has been shown to be a marker for the transition from stem cells to TACs at the basal layer of the epidermis (Jensen et al., 1999) . Interestingly, strong repression of keratin 10 was observed in MbCD-treated cells showing increased proliferative capacity. On the basis of previous findings (Gniadecki and Bang, 2003) that lipid raft formation may regulate the transition from stem cells to TACs, we suggest that this transition process is delayed by lipid raft disruption. TACs show a high mitotic activity but a low mitotic capacity before entering terminal differentiation (Potten, 1981) . Thus, the MbCD-dependant increase in proliferative capacity observed may be due to delayed differentiation of epidermal stem cells into TACs. Presently this hypothesis remains speculative, as stem cell properties of MbCD-treated cells were not characterized as a part of this study. Nevertheless it offers an interesting avenue for future studies.
A further focus of this study was the role of membrane cholesterol in late keratinocyte differentiation. Cellular cholesterol synthesis is known to increase in differentiating keratinocytes in a calcium-dependant manner (Ponec et al., 1985) , with cholesterol forming an integral part of the epidermal lipid barrier (Menon et al., 1992) . It has previously been reported that cholesterol depletion impairs cornified envelope formation (Schmidt et al., 1991) . However, the regulatory function of cholesterol in keratinocyte cornification remains unknown. The results of this study identified KRT2 as a previously unreported differentiation marker regulated by membrane cholesterol organization. In addition, MbCD-induced downregulation of KRT2 expression was correlated with disruption of lipid raft clusters, suggesting a role for lipid raft-mediated signaling in this regulatory process. These results were complemented by observations of differentiation-dependent morphological changes using RTCA.
Specific membrane cholesterol reintegration triggered morphological changes in confluent keratinocytes, similar to those observed during the induction of keratinocyte differentiation by elevated calcium levels. In contrast, no morphological changes were observed with supplementation of cholesterol alone. Therefore, membrane cholesterol-dependant regulation of cytokeratin expression may influence differentiation-specific changes in keratinocyte morphology.
In contrast to downregulation of KRT1 and KRT10 after MbCD treatment, which has also been previously reported (Jans et al., 2004) , KRT2 regulation reflects a much later stage in epidermal differentiation. KRT2 has been shown to be predominantly expressed in the outer epidermal layers and is suggested to be involved in terminal cornification (Collin et al., 1992) . This suggestion is strengthened by findings that a point mutation in KRT2 is responsible for Ichthyosis Bullosa of Siemens disease, which causes abnormal cornification (Kremer et al., 1994; McLean et al., 1994) . Therefore, we propose that membrane cholesterol organization actuates keratinocyte cornification by regulating KRT2 expression. Recent work suggests abnormal KRT2 expression in pathologic skin conditions, such as hypertrophic scars, psoriasis, and basal cell carcinoma (Bloor et al., 2003) , with altered cholesterol levels also reported in psoriasis patients (Benton et al., 1963) . When taken together with our findings, these results infer a possible connection between deficient cholesterol metabolisms and transport, KRT2 regulation, and psoriasis.
This work provides new insights into the regulation of keratinocyte proliferation and late differentiation by membrane cholesterol, as well as addresses a previously unreported method for real-time analysis of membrane cholesterol organization and keratinocyte cell behavior.
MATERIALS AND METHODS
Chemicals MbCD (cell culture tested), cholesterol (water-soluble cyclodextrin complexes), DMSO, lovastatin (mevinolin from Aspergillus sp.), and filipin (complex from Streptomyces filipinensis) were obtained from Sigma Aldrich (Munich, Germany); keratinocyte growth medium 2 from Lonza (Rockland, ME); BODIPY FL C 5 -ganglioside G M1 (complexed to BSA) from Invitrogen (Karlsruhe, Germany).
Cell culture
Normal human epidermal keratinocytes were purchased from Lonza, seeded in 75 cm 2 plastic flasks at 1.3 Â 10 4 cells ml À1 and cultured in complete keratinocyte growth medium 2 lacking hydrocortisone and supplemented with 1 mM CaCl 2 . Cells were cultivated at 37 1C, 7% CO 2 , and 95% relative humidity. Cells were trypsinized and sub-cultured by standard methods when approaching approximately 80% confluence. For experiments, cells were used in passage two and generally cultivated in six-well or 96-well culture plates.
Cholesterol depletion and repletion
Stock solutions of 5% MbCD (w v -1 ) and 3.2 mg ml À1 cholesterol were prepared in water and diluted further if necessary. A cyclodextrin and cholesterol containing solution was prepared by dissolving MbCD in cholesterol stock solution. Where indicated, cholesterol neosynthesis was inhibited by incubation with 10 mM lovastatin as described previously (Kita et al., 1980) . All treatments were performed by adding component stock solutions in a 1:40 ratio (v v -1 ) to the culture media. When experiments included lovastatin treatment, the control cultures were treated with 0.02% (v v -1 ) DMSO.
Cellular impedance measurement
For measurements of cellular impedance the RTCA system was used. Cells were cultivated in 96-well culture plates (E-plates) containing microelectrodes at the bottom of each well to measure contact area and electrical properties of adherent cells. The RTCA system provides an impedance signal (CI). When indicated, the curves were normalized as follows:
in which NCI ti is the normalized CI at a given time point, CI ti is the CI at a given time point, and CI nml_time is the CI at normalization time. Background signals were blanked by measuring culture media impedance (100 ml per well) before seeding cells. Cells were seeded into E-plates in 200 ml culture media per well and cultured for several days. CI was measured in intervals of 0.5 hour to observe proliferation and long-term effects after treatment. Short-term effects were documented in intervals between 0.1 and 1 minute. Where indicated, impedance measurements were complemented by ATPbased proliferation assays (ViaLight Plus Cell Proliferation and Cytotoxicity BioAssay Kit; Lonza) performed according to the manufacturer's instructions.
Real-time PCR
Cells were cultivated to 80% confluence and incubated with MbCD and/or cholesterol for 24 hours. Cells were harvested and total RNA was isolated using the High Pure RNA Isolation Kit (Roche Diagnostics) according to the manufacturer's instructions. After reverse transcription-PCR (High Capacity complementary DNA Reverse Transcription Kit; Applied Biosystems, Branchburg, NJ), complementary DNA was loaded on a custom-made TaqMan Custom Array containing primer pairs for 48 genes, which was obtained from Applied Biosystems. Quantitative real-time PCR was performed using the 7900HT Fast Real-Time-PCR System (Applied Biosystems). Expression data were normalized to ribosomal 18S RNA and relative changes in gene expression were assessed using comparative D-CT analysis.
Filipin and BODIPY FL C 5 -ganglioside G M1 staining
A filipin stock solution of 50 mg ml À1 was prepared in DMSO. Cells were cultivated in six-well culture plates and treated with MbCD and/or cholesterol. At 2 hours after treatment, cells were washed twice with phosphate-buffered saline (PBS) and then incubated in 50 mg ml À1 filipin solution (diluted in PBS) for 30 minutes at 37 1C.
Cells were washed thrice with PBS and staining was documented using fluorescence microscopy (BZ-8000, Keyence, Osaka, Japan). For BODIPY FL C 5 -ganglioside G M1 staining, cells were washed twice with PBS and then incubated with 0.1 nM BODIPY FL C 5 -ganglioside G M1 in PBS for 5 minutes at room temperature. Cells were washed thrice with PBS and fluorescent images were obtained using confocal laser scanning microscopy (Leica TCS SP1, Leica Microsystems, Wetzlar, Germany).
Fluorescence recovery after photobleaching experiments
Cells were grown in 35 mm culture dishes and subjected to MbCD treatment. BODIPY FL C 5 -ganglioside G M1 staining was performed and culture dishes were mounted on a heating plate to maintain a constant temperature of 37 1C. Pre-bleaching images were obtained at 20% laser power using confocal laser scanning microscopy (Leica TCS SP1). Subsequently, a GM1-rich area was bleached using 10 scans at 100% laser power. Fluorescence recovery was monitored by obtaining images every 20 seconds over a time span of 260 seconds after bleaching. Fluorescence intensities were compensated for background bleaching and normalized as follows:
in which R N is normalized recovery, y and c are the fluorescence intensities of the bleached and non-bleached control area, respectively, index t indicates time after bleaching, and t0 is the time before bleaching. Data were fitted and kinetic parameters were obtained using OriginPro 8G sofware (OriginLab corporation, Northampton, MA) as follows:
in which A is the amplitude, t the time after bleaching, t d the decay constant marking the time point with 66% of total recovery, and y end is the final recovery for t-N.
Thin-layer chromatography
Keratinocyte cultures were grown in six-well plates and subjected to MbCD/cholesterol treatment. Cells were trypsinized, centrifuged at 900 Â g for 5 minutes, and cell pellets were resuspended in 600 ml H 2 O. After sonication (15 pulses) cell lysates were transferred to glass tubes, 3 ml methanol/chloroform 2/1 (v v -1 ) was added, and glass tubes were sealed using Teflon screw-caps. Lipids were extracted overnight at 37 1C with gentle rocking, and the supernatant was separated from cell debris by centrifugation, transferred to a new glass tube, and allowed to evaporate in a nitrogen atmosphere. Dried lipids were resuspended in 200 ml chloroform/methanol in a ratio of 2:1 (v v -1 ) and applied to high-performance TLC silica gel 60 plates www.jidonline.org 1277
Cell-monolayer immunofluorescence
For immunostaining, cells were fixed on six-well plates in 3% paraformaldehyde for 30 minutes at room temperature, washed with PBS, and permeabilized with 0.5% Triton X-100 for 5 minutes, after which the cells were blocked with 3% BSA for 30 minutes. Cells were then incubated with primary antibodies in 1% BSA for 1 hour. Antibody detecting K14 (MAB3232, dilution 1:100) was purchased from Chemicon International (Billerica, MA, USA) and the antibody detecting K1 (PRB-149P, dilution 1:1,000) was purchased from Covance (Mü nster, Germany). After incubation, cells were washed with 0.05% NP-40 and PBS. Cells were then incubated for 1 hour with 1% BSA solution containing fluorescent-labeled secondary antibody (AlexaFluor 488 goat anti-mouse IgG, AlexaFluor 546 goat anti-rabbit IgG, Molecular Probes, Eugene, CA). After extensive washing with PBS, cells were DAPI (4,6-diamidino-2-phenylindole) stained and fluorescent images were obtained using a digital fluorescence microscope (BZ-8000, Keyence).
Statistical analysis
Standard deviations were calculated using OriginPro 8G (OriginLab, Northampton, MA) or RTCA Software 1.1 (Roche Diagnostics). The P-values of sample volumes nX6 were obtained using a paired t-test OriginPro 8G (OriginLab).
